Cell-cell signaling is an important component of the stem cell microenvironment, affecting both differentiation and self-renewal. However, traditional cell-culture techniques do not provide precise control over cell-cell interactions, while existing cell-patterning technologies are limited when used with proliferating or motile cells. To address these limitations, we created the Bio Flip Chip (BFC), a microfabricated polymer chip containing thousands of microwells, each sized to trap down to a single stem cell. We have demonstrated the functionality of the BFC by patterning a 50 Â 50 grid of murine embryonic stem cells (mESCs), with patterning efficiencies 475%, onto a variety of substrates-a cell-culture dish patterned with gelatin, a 3-D substrate, and even another layer of cells. We also used the BFC to pattern small groups of cells, with and without cell-cell contact, allowing incremental and independent control of contactmediated signaling. We present quantitative evidence that cell-cell contact plays an important role in depressing mESC colony formation, and show that E-cadherin is involved in this negative regulatory pathway. Thus, by allowing exquisite control of the cellular microenvironment, we provide a technology that enables new applications in tissue engineering and regenerative medicine. r
Introduction
Cell-cell interactions-consisting of diffusible signaling and cell-cell contact (juxtacrine signaling)-are important in numerous biological processes, including tumor growth [1] , atherosclerotic plaque formation [2, 3] , and stem cell differentiation and self-renewal [4] [5] [6] [7] . In addition, cell-cell interactions have proven to be crucial for generating functional tissues in vitro [8, 9] .
Cell signaling can be modulated in vitro in several ways, using molecular inhibitors [7, 10, 11] or genetic approaches [12] [13] [14] , but both are limited to manipulating single or known molecules. Alternatively, one can manipulate the general class of cell-cell interactions, diffusible or cell-cell contact, by modulating the cells' relative positions. However, traditional cell-culture techniques can only modulate cell position by varying the cell-seeding density, providing control of cell signaling only at the macroscopic level of the cell-culture dish. In order to precisely control the cellular microenvironment, we need to manipulate a cell's position at the single-cell level. To accomplish this, we require cell patterning.
There are numerous ways to pattern cells-including microcontact printing (mCP) [15, 16] , switchable substrates [17, 18] , elastomeric stencils [19, 20] , microwells [21, 22] , optical tweezers [23, 24] , electrophoresis [25] , and dielectrophoresis [9, 26] . When choosing a cell patterning technology, there are several capabilities to consider: patterning cells with single-cell resolution, patterning large numbers of cells, allowing the patterned cells room to grow and move, being gentle on the cells, and being easy to use. While the above cell patterning tools are sufficient for their developed applications, each technique necessarily has some limitations. In particular, we are interested in creating patterns of single (or small numbers of) cells onto a variety of substrates and monitoring their proliferation over time. Existing techniques are limited in their ability to provide this functionality. mCP, for instance, restricts motility and proliferation by chemically patterning the substrate,
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leading researchers to develop switchable substrates that in turn require chemical synthesis [18] or uncommon materials [17] (e.g., ultrapure gold). In addition, existing cellpatterning techniques each impose requirements on the substrate, such as requiring specific surface chemistry [15] [16] [17] [18] , electrodes [9, 25, 26] , or optical transparency [23, 24] . This can impose serious restrictions on cells whose behavior is substrate-dependent (e.g., glass vs. tissueculture polystyrene [TCPS] ) or prevent researchers from patterning cells onto novel substrates (e.g., combinatorial surfaces [27] ). Instead, we have developed a new cellpatterning technology, called the Bio Flip Chip (BFC), which circumvents these limitations while remaining exceedingly simple to use.
The BFC is a microfabricated polymer chip containing thousands of microwells ( Fig. 1a and b) , each sized to trap down to a single cell (Fig. 1c) . To use the BFC, cells are pipetted onto the surface of the chip, allowing cells to fall into the microwells (Fig. 1d) . After the cells are trapped in the microwells and the other cells are rinsed away (Fig. 1e) , we flip the BFC upside down onto the desired substrate (Fig. 1f) . The cells then fall out of the microwells onto the substrate, where they attach after a few hours (Fig. 1g) . We can then remove the BFC from the substrate or leave it on, forming a closed chamber over the cells. In both modes of operation, the cells now have room to grow and move (Fig. 1h) .
This approach to cell patterning positions cells with single-cell resolution anywhere on a substrate and onto any substrate. In addition, using the BFC requires no external equipment or chemicals to pattern cells, making this technology easily adoptable in any lab. Here, we describe the fabrication and operation of BFCs along with results showing the specific features of the technology: large-scale patterning, substrate-independence, multi-day tracking, and pattern control. Finally, we present the use of BFCs to control stem cell signaling, demonstrating that murine embryonic stem cells (mESCs) are sensitive to single-cell perturbations in cell signaling, and showing that increasing cell-cell contact contributes to a depression in colonyforming efficiency. These results, therefore, provide the first quantitative evidence that seeding mESCs as single cells maximizes colony formation, supporting the long-established protocols of single-cell seeding to maximize selfrenewal. We thus provide a platform technology that can be used to manipulate cells in unique ways, facilitating the creation of novel biomaterials with increased functionality.
Materials and methods

Fabrication of the BFC
We made the BFCs by molding polydimethylsiloxane (PDMS) over a 4 00 Si master wafer. We dehydrated the Si wafers for 30 min at 130 1C. SU8-2050 (Microchem) was poured onto the wafer, ramped at 300 rpm/s to 3000-4000 rpm, and spun for 30 s to yield feature heights of 40-30 mm, respectively. After spinning, we placed the wafer on a 65 1C hotplate, immediately ramped up the temperature to 95 1C for 5-6 min, and then ramped it down to 65 1C. We exposed the wafers to a UV dose of 200 mJ/cm 2 on a contact aligner (Karl Suss, MJB-3 Mask Aligner) using a dark-field mask printed at 20,000 dpi (CAD/Art Services). We placed the wafers on a 65 1C hotplate, immediately ramped up the temperature to 95 1C for 4-5 min, and then ramped it down to 65 1C. Next, we immersed the wafers in PM acetate (Doe and Ingalls) and isopropanol while we spun them at 500 rpm for 3 min. Actual heights of the SU8 features were measured with a profilometer (Sloan, Dektak II). We then silanized the wafers for 30 min using hexamethyldisiloxane (Shin-Etsu MicroSi) to prevent PDMS from adhering to the Si master wafer. We mixed PDMS (Dow Corning, Sylgard 184) in a 10:1 ratio, poured it over the master Si wafer ($10 g per wafer), and let it cure overnight at room temperature. The cured PDMS was then slowly peeled off the Si wafer and each chip was cut out using a razor blade and bonded to a 1 00 Â 1 00 cut microscope slide for easy handling.
BFC operation
We soaked the BFC overnight in phosphate-buffered saline (PBS) in order to prevent absorption of media into the PDMS during the experiment. After soaking, we sprayed the chips with ethanol and dried them with a Kimwipe (Kimtech Science). In the tissue-culture hood, we coated the BFC surface with 200 mL of 7.5% Bovine Serum Albumin (BSA) (Invitrogen, 15260-037) and scraped it with a pipette tip to disperse the BSA and remove any bubbles from the wells. The BSA helped to ARTICLE IN PRESS To fit the BFC inside a 35 Â 10 mm TCPS dish (Falcon, 35-3001), we cut the rims of the TCPS dish half way down so that the 3 4 00 binder clips (Office Depot) would fit over the dish rim to clamp the chip and dish together (Fig. 1a) . We cut the PDMS spacer gasket (frame-shaped with 20 Â 20 mm outer edge, 15 Â 15 mm inner edge, and 250 mm thickness) from a PDMS sheet (Silicone Specialty Products) and then applied it to the dish using tweezers. This spacer gasket was required in order to provide the cells with enough media to prevent starvation (data not shown). We were able to pattern cells with a range of gasket thicknesses, from 100-600 mm, without any significant differences in cell-patterning precision.
We sterilized the dish, gasket, BSA-coated chip, and 2 binder clips under UV light for 1 h. Afterward, we aspirated the BSA and rinsed the BFC with 200 mL PBS. After aspirating the PBS, we applied 200 mL of cell solution ($1 Â 10 6 cells/mL) to the BFC surface. We let the cells settle for 5-10 min. We then tilted the BFC to one corner at a 151 angle and slowly pipetted the cell solution off with a 200 mL pipette. Next, we placed the BFC flat and added 100 mL of PBS or blank media to the opposite BFC corner. We observed the BFC under the microscope to make sure cells were still loaded in the wells and rinsed the BFC an additional 2-4 times if necessary. We added 100 mL of media to both the BFC surface and the dish inside the PDMS gasket. We spread the media around to wet the entire dish surface in order to prevent bubbles from forming in the chamber after flipping. We then inverted the pre-wetted dish and slowly pushed up the BFC into the dish. We applied a binder clip to each side and removed the metal prongs so that dish remained level when flipped over. Lastly, we quickly flipped over the setup onto the incubator shelf while avoiding any unnecessary movement.
The cells fell out of the wells within minutes and attached to the dish after a few hours. The BFC can then be removed or left on the substrate. To remove the chip without disturbing the cells, we reinserted the metal prongs into the binder clips and removed them slowly at equal speeds. We then added 0.75 mL media to the dish, around the BFC, and returned the setup to the incubator. This allows the media to slowly release the BFC from the substrate, preventing disruption of the cell pattern (o5% of the cells are disturbed). After 4 h, the BFC can be carefully removed. We aspirated and replaced the old media with 1.0 mL of fresh media. We then maintained the dishes by feeding daily with 1.0 mL media.
Preparation of the substrates
To pattern the cells onto the surface with patterned gelatin, the 3-D substrate, and another layer of cells-we used the same protocol described above, with prior modification to the substrate before flipping the BFC. The surface with patterned gelatin was made by placing an elastomeric stencil onto a 60 Â 15 mm TCPS dish (Falcon, and immersing the dish with fluorescent gelatin at 1 mg/mL (Molecular Probes, G13186). We incubated the dish for 15 min at 37 1C and then washed it twice with PBS before removing the stencil. The elastomeric stencils had 100 mm circular holes that formed the pattern (Fig. 2c) .
To create the 3-D substrate, we placed a 100 mm thick layer of PDMS (Silicone Specialty Products) onto half of a 35 Â 10 mm TCPS dish, creating a stepped surface. The cells were then flipped onto the dish, with half of the cells falling directly onto the dish and the other half falling onto the PDMS step (Fig. 2d) .
To create the layer of cells, we seeded murine embryonic fibroblasts (MEFs) at a density of 3 Â 10 6 cells/mL onto a 35 Â 10 mm TCPS dish 1 day prior to patterning the mESCs. We incubated this dish with MEFs ARTICLE IN PRESS 
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overnight and removed it from the incubator several minutes before flipping. We aspirated the old media from the dish, placed a PDMS gasket on the dish over the MEFs, and added 100 mL of media to the dish inside the gasket. We then inverted the dish with cells and slowly pushed up the BFC into dish, as described above.
Calculating cell-patterning efficiency and precision
To calculate the cell-patterning efficiency, a 50 Â 50 grid of cells was patterned onto a 35 Â 10 mm TCPS dish and the entire chip was scanned and imaged at 5 Â magnification (Zeiss, Axioplan 2 imaging microscope). We then used Matlab-based imaging software to stitch together the individual pictures into one stitched image of the entire chip. From the final stitched image, we calculated the cell-patterning efficiency by dividing the number of spots with cells within one well diameter from the well edge, by the total number of available spots (n ¼ 4 chips).
To calculate the cell patterning precision, we took pictures of the 50 Â 50 grid of patterned cells across the chip at 10 Â magnification (Zeiss, Axiovert 200 microscope). From the pictures, we measured the number of pixels between adjacent cells (n ¼ 211 measurements over 4 chips). We converted the number of pixels to a distance using a conversion factor, determined using a cell-counting chamber with a known grid spacing (VWR, 15170-208).
Cell culture
We cultured ABJ1 mouse embryonic stem cells (mESCs) with a stably integrated green fluorescent protein (GFP) reporter for Oct-4 without feeders in mESC media: Dulbecco's Modified Eagle's Medium (DMEM) (Invitrogen, 11960-044) supplemented with 15% ES-qualified fetal bovine serum (Invitrogen, 16141-079), 4 mM L-glutamine (Invitrogen, 25030-081), 1 mM non-essential amino acids (Invitrogen, 11140-050), 50 U/mL penicillin, 50 mg/mL streptomycin (Invitrogen, 15140-122), 100 mM bmercaptoethanol (Sigma-Aldrich, M7522), and 500 pM leukemia inhibitory factor (Chemicon, ESGRO ESG1107). We cultured cells directly on 100 Â 20 mm TCPS dishes (Nunc, 172958) in a 37 1C humidified environment with 7.5% CO 2 . For maintenance of mESCs, we fed cells daily and passaged every other day using 0.25% trypsin-EthyleneDiamine-Tetra-Acetic acid (trypsin-EDTA) (Invitrogen, 25200-056) at a density of 5 Â 10 5 cells/cm 2 . The mESC passage number was always below P30. To demonstrate large-scale cell patterning, we stained the mESCs with a live green-fluorescent stain (Molecular Probes, Calcein AM). To inhibit E-cadherin signaling, we incubated mESCs with 40 mg/mL anti-Ecadherin antibody (clone DECMA-1, Sigma, U3254) in mESC media for 2 h; control experiments were run with cells incubated with mESC media for the same length of time.
We cultured the MEFs in media identical to mESC media, except without the leukemia inhibitory factor and b-mercaptoethanol. The MEFs were thawed, previously being mitotically inactivated with mitomycin C (Sigma-Aldrich, M4287), and seeded at a density of $3 Â 10 6 cells/mL. The MEF passage number was P5.
Results
Large-scale and precise cell patterning
Scalability, efficiency, and precision are important capabilities of any new approach to cell patterning. We demonstrate the scalability of BFCs by creating large-scale (50 Â 50) cell patterns of mESCs onto a TCPS dish (Fig. 2a) . We consistently achieved high cell-patterning efficiencies, with an overall efficiency of 75.9% (n ¼ 4 chips), calculated by dividing the number of spots with cells within one well diameter from the well edge, by the total number of available spots. In addition, we have achieved stem cell patterning with high precision (Fig. 2b inset) . Using a microwell-to-microwell spacing of 200 mm, we patterned the cells onto a TCPS dish with a cell-cell spacing of 195718 mm (n ¼ 211 measurements over 4 chips), thus seeding a cell within one cell diameter away from its target location (Fig. 2b) . We have further demonstrated cell patterning down to single-cell resolution, with 50% of the patterned spots resulting in single cells (n ¼ 4 chips).
Cell patterning onto any substrate
Cell behavior can vary significantly depending on the substrate that the cells are seeded on (e.g., glass vs. TCPS). Since ESCs are very sensitive to cell-substrate interactions [27] , we wanted to be able to pattern them onto TCPS, their standard in vitro substrate. Most existing cell patterning tools require modification of the substrateadhesive patterning (e.g., mCP) requires patterning different ECMs [16, 18] while techniques that use electromagnetic fields require metal electrodes to be deposited onto glass [28] or silicon [29] . Because the process of patterning with BFCs intrinsically transfers the patterned cells onto another substrate, substrate modification is avoided, allowing patterning of mESCs onto TCPS (Fig. 2a) .
We also patterned cells onto a TCPS dish patterned with gelatin ( Fig. 2c) , showing the compatibility of BFCs with cell-patterning techniques that do modify the substrate. One can even use BFCs to pattern over 3-D topography, which we demonstrated by patterning mESCs onto a stepped surface (Fig. 2d) . Lastly, because most cellpatterning techniques trap and pattern cells with the same substrate, they are incapable of patterning cells on top of an already-existing layer of cells, limiting their utility to one cell layer. However, patterning onto another layer of cells is possible using BFCs, which we demonstrated by patterning mESCs on top of a layer of MEFs ( Fig. 2e  and f) . We can thus use BFCs to pattern onto any substrate-including different materials (e.g., glass, polystyrene), different chemistries (e.g., fibronectin, gelatin, matrigel), different topographies, or different cells.
Multi-day cell tracking: proliferation and migration
One of our goals in developing BFCs was to allow patterned cells to proliferate and migrate. mESCs, for instance, divide rapidly ($14 h doubling time [7] ) and the resulting colonies also migrate. In order to study these phenomena, tracking cell growth and movement over multiple days, one needs a technique that patterns cells onto an unconfined area. Currently, there are several existing cell-patterning techniques that are suitable for cell tracking over timescales where proliferation or migration is not significant (usually o24 h). However, these techniques trap the cells in a confined area, such as an extracellular matrix island [16] or a microwell [21, 22] . Using BFCs,
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however, we can pattern cells onto substrates that are entirely unconfined, enabling both proliferation and migration.
In addition, since each cell has a unique coordinate within the patterned grid, it is possible to track the resulting cells or colonies if desired. In Fig. 3 we show tracking of one area of patterned mESCs over 2 days. By day 2, almost all of the initially patterned cells have proliferated into mESC colonies, suggesting that our technique is gentle on the cells and not grossly affecting cell health. The fast doubling time of mESCs causes some deterioration of the pattern by day 2 (Fig. 3c) , which is strong evidence that the cells can indeed migrate freely and is a key feature of our approach. While this precludes the use of BFCs for creating long-term stationary patterns, we emphasize that stationary patterns are exactly what we are trying to avoid.
Modulating the cell-seeding density
Diffusible signaling between cells has been shown to be an important component of the stem cell microenvironment. For instance, stem cell-seeding density can affect both differentiation and self-renewal [5] [6] [7] . Traditional cell culture techniques control the cell density only at the macroscopic level of the cell-culture dish, creating poor uniformity in cell density and resulting in a cellular microenvironment that varies from cell to cell. Simply using BFCs to pattern the cells into a grid allows every cell to experience a more uniform microenvironment. Additionally, by varying the spacing of the microwells across the chip (Fig. 4a) , we can pattern cells at multiple seeding densities on the same substrate. We demonstrated this functionality by patterning mESCs on a 60 Â 15 mm TCPS dish at three seeding densities-with a cell-cell spacing of 200, 400, and 800 mm (Fig. 4b-d) .
Precise control of the stem cell microenvironment
To locally control the mESC microenvironment, we would like to be able to incrementally and independently modulate cell-cell contact. Thus, we require t he ability to seed a variable-sized group of cells, with and without cell-cell contact, spaced far enough away from other cell groups to prevent intercolony signaling. This type of precise cell seeding would not be possible using traditional cell-culture techniques. Instead, we used microwells that are larger than the average cell size to allow multiple numbers of cells to stochastically load into each well (Fig. 5a) . Using this approach, we were able to pattern small clusters of 1-4 mESCs (Fig. 5b) , allowing them to experience cell-cell contact (Fig. 5c) .
Patterning cells in this fashion, we found that the singlecell colony-forming efficiency was $37.5% (Fig. 5g) , which is typical for mESCs [30] . Interestingly, as we increase the number of starting cells per cluster, we do not observe a proportional increase in colony-forming efficiency. Assuming there was no signaling between the cells in a group, the probability that at least one of n independent cells in a group would form a colony is 1À(probability that all the cells in a cluster die). As the number of cells increases, the probability that a colony will form approaches 100%. For n ¼ 4 cells, this translates into a 1À(1À0.375) 4 ¼ 85% colony-forming efficiency (Fig. 5g, solid yellow bars) , whereas we observe a colony forming efficiency of 48713% with ABJ1s (n ¼ 5 chips, 156 total colonies counted) (Fig. 5g, solid blue bars) .
In order to investigate the cause of this decreased colonyforming efficiency, we used BFCs with different well configurations to selectively turn off cell-cell contact. 
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Using small groups of single-cell-sized microwells (Fig. 5d) , we patterned groups of 1-4 single mESCs (Fig. 5e) , without cell-cell contact (Fig. 5f ). Turning off cell-cell contact, we find that the mESC colony-forming efficiency reverts to that expected for independently acting cells (e.g., no cell-cell signaling) (Fig. 5g, solid red  bars) . This suggests that cell-cell contact plays a primary role in depressing colony formation. We repeated the contact and no contact patterning experiments, both at least five times, with the same cell lines as well as with another cell line (D3) (data not shown)-resulting in the same cell contact-mediated depression in colony-forming efficiency-ruling out time, population, or cell line artifacts.
To investigate the molecules involved with this cell contact-mediated depression in colony formation, we used a blocking antibody known to inhibit E-cadherin signaling [31] . E-cadherin is a transmembrane protein that has been shown to regulate cell-cell adhesion signaling in mESCs [32] . We incubated a single-cell suspension of mESCs in anti-E-cadherin antibody before patterning and then repeated the patterning experiments (Fig. 5a-f ). Since the antibody is not present in the media after patterning, E-cadherin signaling is primarily disrupted during seeding, allowing us to assay its initial effect on proliferation. Compared to the depressed colony-forming efficiency that we observed previously for cells in contact (Fig. 5h , solid blue bars), the cells exposed to anti-E-cadherin had 
colony-forming efficiencies that were similar with and without cell contact (Fig. 5h , striped blue and red bars), suggesting that E-cadherin is involved in this negative regulatory pathway.
Discussion
Implications of the BFC for cell patterning
One should be able to use BFCs, in principle, to pattern any cell type. We measured the unattached mESC diameter as 2073 mm (n ¼ 30) and, therefore, tried a range of microwell diameters (30, 35 , and 40 mm) and heights (30, 40 , and 50 mm) to optimize single-cell trapping. The optimal well diameter and height was 30 mm. To use the BFC to pattern single cells of another cell type, we recommend using a microwell diameter and height equal to 10 mm greater than the unattached cell diameter. In general, a well diameter-to-height ratio of one maximized single-cell patterning efficiency. When the ratio was 41, the wells were too shallow and the cells were washed out of the wells during clearing, reducing overall efficiency. When the ratio was o1, the wells were too deep, and multiple cells were trapped in each well.
Our results demonstrate the key advantages of this new technology and suggest additional applications. First, the ability to pattern single motile cells (Fig. 3a-c) enables patterned chemotaxis assays. These are currently performed using switchable substrates [33] , which trade off substrate-independence and ease of use for temporal control of motility. Second, BFCs can be used to pattern cells onto other cells (Fig. 2e) . Many cell types or in vitro assays require support cells, including maintaining hESCs on feeders [34] , differentiating stem cells in the presence of stroma [35] , or co-culture of primary cells with nonparenchymal cells [36] . mCP is the predominant approach for patterning such interactions, but is limited to side-byside patterning where the second cell type fills the interstitial spaces of the first-patterned cell type. This is a general feature of cell-patterning methods that trap and pattern cells with the same substrate, whereas the BFC technique is completely substrate-independent. This substrate independence is what allows us to pattern one cell type onto another cell type.
A key factor for the impact of various patterning technologies is their ease-of-use and transferability. Many existing patterning technologies are either difficult to fabricate or use [9, 17, 18, [23] [24] [25] [26] , a barrier that prevents their wide adoption. Indeed, the most common cellpatterning technique is mCP [15, 16] , which is simple enough to be used by those with moderate skill in a typical biological laboratory. BFCs are poised to have similar adoptability, since they require no external equipment or chemicals. Using BFCs is complementary and orthogonal to use of mCP (Fig. 2c) ; mCP provides higher patterning efficiencies and a greater range of pattern shapes, while the BFCs provide substrate-independence with no restrictions on motility or proliferation.
Implications of the BFC for biology
Mouse and human ESCs require very different cellseeding conditions in order to maximize self-renewal, defined as proliferation and maintenance of pluripotency. Convention has dictated that mESCs should be seeded as single cells [12, 13, 30, [37] [38] [39] , since clusters of thousands of cells can cause differentiation [40] , while hESCs have o1% single-cell colony-forming efficiencies [41] and prefer to be seeded as clusters of hundreds of cells [42] . These existing studies investigate ESC behavior at both extremes of cell seeding conditions, as single cells or hundreds to thousands of cells. However, there have been no reports studying the effects of seeding smaller cell clusters, allowing incremental changes in cell signaling. While traditional cell-culture techniques cannot reliably seed small groups of cells in a scalable fashion, with or without cell contact, we can use BFCs to make these types of experiments possible.
Our data provides the first quantitative evidence that seeding mESCs as single cells maximizes colony formation, supporting the long-established protocols of single-cell seeding to maximize self-renewal. Indeed, if each cell cluster has roughly the same colony-forming efficiency of a single cell (Fig. 5g, solid blue bars) , then seeding cells in clusters effectively discards the majority of the cells in the culture. In addition, we show that E-cadherin is involved in this cell contact-mediated depression of colony formation. Previous studies have shown that cell agglomeration of mESCs in embryoid bodies negatively affects cell proliferation [43] and that E-cadherin mediates this process [31] , possibly occurring in a similar fashion to what we observed here.
Thus, the BFC allows us to precisely modulate cell-cell contact to determine its effects on a specific cell behavior. Potential signaling molecules can then be investigated in the presence of various molecular inhibitors or genetic alterations. The BFC technology has allowed us to quickly determine the mechanisms and molecules involved in mESC colony-forming efficiency, quantitatively validating a protocol practiced for over two decades.
Conclusions
We have presented a novel cell-patterning technology called the BFC. This technology offers a unique combination of capabilities-including patterning cells with singlecell resolution, patterning large numbers of cells, allowing the patterned cells room to grow and move, patterning onto any substrate, being gentle on the cells, and being easy to use. In addition, we have used the BFCs for precise control of the stem cell microenvironment, allowing us to investigate previously unanswered questions in stem cell biology. Thus, the BFC serves as a powerful tool, enabling
